Abstract. This review provides a brief summary of the basic principles of proton magnetic resonance spectroscopy ( 1 H MRS) and its application in the human brain. We discuss the chemical structure, signal properties, biological function, normal spatial distribution and diagnostic potential of the most significant metabolites detectable in brain tissue: N-acetylaspartate, N-acetylaspartylglutamate, choline-containing substances, creatine, phosphocreatine, myo-inositol, glutamine and glutamate. We also present a few notes on the importance of proper spectral quantification and contemporary trends in 1 H MRS are presented.
Introduction
Magnetic resonance spectroscopy (MRS) is a unique noninvasive method used in facilitating in vivo chemical assessment of brain tissue. It has been in use since the late 1970s (Chance et al. 1978) . Following further development of its imaging modality (MRI) and widespread clinical MRI scanners, potential of MRS in diverse analysis of the human brain is being exploited more and more in areas of neurology, neurosurgery, oncology and psychiatry. The aim of this work is to summarize the basic principles of the most widespread form, proton magnetic resonance spectroscopy ( 1 H MRS), as well as its diagnostic role in the analysis of important 1 H MRS-detectable brain metabolites.
After a brief description of the physical basis of 1 H MRS, our review focuses on the most important brain metabolites detectable with this method. We describe their chemical structure, signal properties, biological functions and normal distribution within the brain. We look at several significant examples of their pathologic alterations and conclude with a few remarks on spectral quantification and contemporary trends in 1 H MRS.
Principles of 1 H MRS in the brain
If a sample containing nuclei with non-zero magnetic moment ( 1 H, 13 C, 31 P, 23 Na) is present in a static magnetic field, B 0 , and we switch on a high-frequency oscillating magnetic field, B 1 , of a specific Larmor frequency and appropriate magnitude and duration, we can observe the nuclear magnetic resonance phenomenon. After switching off the external high-frequency field, the nuclei will induce a measurable oscillating voltage in the coil with Larmor frequency and decreasing intensity. Gen. Physiol. Biophys. (2012 Larmor frequency ν is defined for a certain type of nucleus and static magnetic field B 0 as ν = (γ/2π)·B 0 , where γ is the gyromagnetic constant of the nucleus (De Graaf 2007) .
The motion of the electrons surrounding the nucleus creates a small, additional magnetic field in the close neighborhood of the nucleus. Since chemical bonds influence the electron orbitals, nuclei of the same element, but in different bonding configurations, will resonate at slightly different frequencies. MRS exploits this phenomenon to distinguish chemical substances from one another. To characterize resonating frequencies regardless of the static magnetic field, a quantity called chemical shift was introduced with the units "parts per million" (ppm) (De Graaf 2007 ).
In a typical 1 H short echo time magnetic resonance (MR) spectrum of a healthy brain tissue, four dominant low-molecular metabolite signals are apparent: N-acetylaspartate (NAA), "total choline" (tCho), "total creatine" (tCre) and myo-inositol (mI) (Figure 1 ), together with a fifth broad signal of total signal of glutamine and glutamate (Glx) at 2.1-2.4 ppm. The signal intensity of each metabolite, calculated as an area under the peak, is proportional to the number of resonating nuclei and is influenced by other factors, such as coil load and the relaxation times of the metabolites. A water signal (4.7 ppm), which has an intensity reaching thousands of times those of the metabolites, is usually suppressed and not displayed in the spectrum. A series of intense lipid peaks (a broad signal ranging from 0.9 to 1.3 ppm) can be observed in vivo, only in the spectra arising from tissues containing free lipids, such as subcutaneous fat and some tumors. Subcutaneous fat contribution can be minimized by proper localization of the spectrum outside these regions, or by suppression bands, which eliminate the lipid signals from the scalp.
In the measurement protocol, the echo time (TE) is the time taken, in milliseconds, for echo formation after the excitation pulse. As the MR signal of the metabolites decays with time, so, too, does the measured signal with increasing Figure 1 . Examples of the LCModel results of in vivo proton MR spectra (1.5 T, PRESS, TR = 1500 ms) measured with TE = 30 ms (a) and TE = 135 ms (b), both from the same voxel localized in a healthy part of brain white matter of a patient with a glioma. The thick line is a mathematical fit of the measured spectrum. The spectrum (a) is decomposed using the LCModel to the main metabolite compounds: N-acetyl aspartate (NAA, main peak resonating at 2.01 ppm, c), N-acetylaspartylglutamate (NAAG, 2.045 ppm, d), "total choline" (tCho, 3.21 ppm, e), "total creatine" (tCre, resonances at 3.03 and 3.93 ppm, f), myo-inositol (mI, 3.91 ppm, g), glutamate (Glu, h) and glutamine (Gln, i). (Figure 1a ) has the advantages of higher metabolite signal, better visibility of the metabolites forming multiplets (e.g., mI, glutamate and glutamine) and more accurate correction of transverse relaxation time (T 2 ) values. The major disadvantage is baseline distortion. At longer TE (Figure 1b) , signal intensities of metabolites decrease unequally due to different T 2 values. In addition, spectral lines having multiplet structure become heavily distorted, complicating quantitative analysis. There are three main groups of molecules based on their different behaviors in MRS. Firstly, signals from low-molecular compounds freely movable in the solution form high, distinct spectral peaks. Secondly, signals from rigid or bound macromolecules, such as the membrane phospholipids, are practically invisible. Thirdly, signals from non-rigid parts of macromolecules form broad peaks, especially in the short TE spectra (at longer TEs, these signals become extinct). This manifests as a wavy spectral baseline (represented by a thin line in the spectra; compare Figure 1a , b) and makes quantification of other metabolites difficult.
Signals of the most important brain metabolites in vivo

N-acetylaspartate and N-acetylaspartylglutamate
The highest 1 H MRS signal of a healthy adult brain comes from N-acetylaspartate (NAA) (Figure 1c) . The main signal comes from the acetyl groups (CH 3 ) of NAA, which resonate with the chemical shift 2.01 ppm. There are also resonances of the CH 2 groups as two double doublets with chemical shifts 2.5 and 2.7 ppm. At clinical magnetic fields measuring about 1.5 T, the signal of NAA is almost indistinguishable from the signal of N-acetylaspartylglutamate (NAAG) (Figure 1d) , with its main resonance frequency at 2.045 ppm (Frahm et al. 1991) . Whereas many published papers deal with the NAA signal, in most cases a combined signal, tNAA (total NAA), consisting of NAA, NAAG and a small contribution from other similar molecules was measured. According to contemporary theories, NAAG is created from NAA, but its function and spatial localization is different from NAA ( Figure 2 ). Therefore, we should bear Interactions between neuronal and glial cells by means of N-acetyl aspartate (NAA) and N-acetylaspartylglutamate (NAAG) (scheme was created according to Benarroch 2008) . In neurons, NAA is synthesized in mitochondria and consequently transported to oligodendrocytes. There, it is metabolized by aspartoacylase to acetate. Acetate is a precursor for myelin lipid synthesis. In addition, NAAG is synthesized from NAA and glutamate in neurons, and then released from the synaptic vesicles acting as a co-transmitter, together with other neurotransmitters, such as L-glutamate. NAAG, acting by means of presynaptic metabotropic glutamate receptors type 3 (mGluR3), blocks the presynaptic Ca 2+ channels and thereby inhibits the release of glutamate. NAAG can be bound to the N-methyl-D-aspartate receptors (NMDAR) and block their function. NAAG, acting by means of mGluR3 receptors in astrocytes, activates the release of transforming growth factor β, which can then contribute to its neuroprotective effects. After being released to the synapse, NAAG is hydrolyzed at the surface of astrocytes by glutamate carboxypeptidase II (GCP II) to form NAA and glutamate. Consequently, NAA is released from astrocytes to the overall circulation (Benarroch 2008) . Hemisphere Vermis tNAA 9.6 ± 1.1 10.6 ± 0.8 10.4 ± 0.9 8.4 ± 1.0 8.7 ± 0.8 10.6 ± 0.8 9.6 ± 0.6 11.0 ± 0.8 8.7 ± 0.9 10.5 ± 0.7 NAA 8.1 ± 0.9 8.0 ± 1.0 7.8 ± 0.9 7.7 ± 1.0 8.2 ± 0.8 9.2 ± 0.9 8.7 ± 0.8 7.4 ± 1.0 7.4 ± 0.8 7.3 ± 1.3 NAAG 1.5 ± 0.9 2.7 ± 1.2 2.6 ± 1.0 0.7 ± 0.3 0.5 ± 0.4 1.4 ± 0.8 0.8 ± 0.5 3.6 ± 0.9 1.3 ± 0.8 3.2 ± 1.1 tCho 1.78 ± 0.41 1.68 ± 0.27 1.64 ± 0.21 1.38 ± 0.17 1.10 ± 0.14 0.88 ± 0.10 1.30 ± 0.19 2.21 ± 0.29 2.19 ± 0.30 1.81 ± 0.21 tCre 5.7 ± 0.5 5.7 ± 0.6 5.5 ± 0.8 6.4 ± 0.7 6.5 ± 0.6 6.9 ± 0.7 7.0 ± 0.6 8.7 ± 1.3 9.0 ± 0.9 6.8 ± 0.7 mI 3.8 ± 0.9 3.1 ± 0.6 4.1 ± 0.8 4.3 ± 0.9 4.3 ± 0.7 4.1 ± 0.6 4.7 ± 0.6 5.8 ± 1.1 5.6 ± 1.1 3.6 ± 0.9 Glu 7.0 ± 2.6 6.7 ± 1.8 6.0 ± 1.2 8.5 ± 1.0 8.2 ± 1.1 8.6 ± 1.1 8.8 ± 0.8 7.7 ± 2.5 7.5 ± 1.4 6.9 ± 2.2 Gln 1.8 ± 1.6 1.5 ± 1.3 2.2 ± 1.6 4.4 ± 1.4 3.8 ± 1.4 3.9 ± 1.1 4.9 ± 1.6 4.3 ± 2.5 5.4 ± 2.2 2.9 ± 1.9 Glx 8.8 ± 3.1 8.2 ± 2.2 8.2 ± 2.0 12.9 ± 1.7 12.0 ± 1.8 12.5 ± 1.6 13.7 ± 1.8 12.0 ± 3.5 12.9 ± 2.6 9.8 ± 2.9 tNAA* 9.9 ± 1.1 10.9 ± 0.8 10.8 ± 1.0 9.1 ± 1.1 9.5 ± 0.9 11.6 ± 0.9 ----NAA* 8.4 ± 0.9 8.2 ± 1.0 8.0 ± 1.0 8.4 ± 1.1 8.9 ± 0.9 10.1 ± 1.0 ----NAAG* 1.5 ± 0.9 2.7 ± 1.2 2.7 ± 1.0 0.7 ± 0.4 0.6 ± 0.5 1.5 ± 0.9 ----Absolute concentrations of metabolites (in mmol/l, mean ± SD) were related to the water signal and not corrected for the residual T 2 relaxation (TE = 20 ms) and the contributions of CSF to the measured voxel. Glx values and standard deviations were calculated from the data of Glu and Gln for easier comparison with Table 2 . Metabolites (*) were corrected for CSF contribution and their T 2 relaxation time to illustrate the magnitude of such correction. CSF, cerebrospinal fluid. this in mind in any studies concerning primary observation of NAA.
Despite the fact that NAA is probably the most important detectable MR brain metabolite, little is known about its precise biochemical role in the brain. Although it is one of the most abundant amino acids of the central nervous system, this was not known until 1956. Its exact cellular localization was the subject of discussion until the 1990s, when studies using monoclonal and polyclonal antibodies revealed its distribution within the cells. It has been shown that NAA is present mainly in the neurons and their projections, but its concentration may differ according to the type of neurons (Simmons et al. 1991) .
Theories about the biochemical role of NAA are still being discussed. It is suggested that NAA might be a storage substance for acetyl-CoA and aspartate, a regulator of protein synthesis, a source of the acetyl group for lipid synthesis, a catabolic product of NAAG (which is a neurotransmitter, in contrast to NAA) and an osmolyte (Moffett and Namboodiri 2006) . Based upon the localization of anabolic and catabolic enzymes for NAA and NAAG, a theory of cyclic exchange of these substances and their intermediate products, such as acetate, aspartate, and glutamate, between neurons and glial cells was introduced as a mechanism of cell signaling. This theory is based on the findings that NAA and NAAG are synthesized predominantly in neurons, while their catabolic enzymes are localized in oligodendrocytes (for NAA) and astrocytes (for NAAG). According to this hypothesis, NAA is released from neurons as a signaling molecule for oligodendrocytes and NAAG for astrocytes (Baslow 2000) . The theory is more clearly demonstrated in the diagram shown in Figure 2 . The diagram summarizes the various theories about the roles of NAA and NAAG as signaling molecules for oligodendrocytes and astrocytes and their other metabolic pathways.
NAA and NAAG were mapped in the brain (Table 1) . In a healthy brain, the concentration of NAA, calculated from in vivo MRS measurements with the most important corrections (see Table 1 for more details), reaches almost identical values of around 8.0-8.9 mmol/l in white and grey matter. In the occipital area with the visual cortex, however, values increased to more than 10 mmol/l (Pouwels and Frahm 1997). Spatial distribution of NAA in grey matter therefore correlates with the density of neuronal cells, which should be constant in the neocortex, with the exception of an increased concentration in the primary visual (occipital) area (Leuba and Garey 1989) . Similar NAA signals in white matter show that NAA reaches high concentrations, not only in cell bodies and synapses, but also in axons (Pouwels and Frahm 1997 ). This result is in agreement with the results of previous immunohistochemical studies (Moffett et al. 1993) .
In white brain matter, NAAG substantially contributes to the tNAA signal. However, quantification of NAAG in magnetic fields of up to 3 T is prone to substantial error. Therefore, only few publications deal with its concentration. Calculated concentrations of NAAG vary from 2.7 mmol/l in parietal and occipital areas to a significantly lower value of 1.5 mmol/l in the frontal grey matter. Its concentrations are lower in the grey matter, generally less than 1 mmol/l, except for the occipital cortex where it is 1.5 mmol/l. In grey and white matter, NAAG concentration increases in the caudal direction i.e. from the frontal to the parietal and occipital areas (Pouwels and Frahm 1997) .
Therefore, it seems that the MR signal of NAA is proportional to the density of neurons in healthy grey matter. This statement is consistent with the already mentioned immunohistochemical publications, which suggest that NAA in the brain is predominantly found in neurons, axons and dendrites. Therefore, the MR signal of NAA is rightly considered to be a neuronal marker. There are several other facts confirming this conclusion.
All studies of diseases in which there is a loss of neurons or axons (infarctions, brain tumors, multiple sclerosis) confirm, without exception, a decrease in NAA (Barker and Lin 2006) . In multiple sclerosis, strong correlations were observed between the values of NAA in the brain and the level of patient impairment, which suggests that higher NAA values are a sign of better neuronal function (De Stefano et al. 2005) . After artificial damage to neurons in animals, it has been shown that the NAA level, measured using in vivo MRS, very accurately correlated with three biochemical markers of neuronal activity and also with in vitro NMR-observed NAA concentration (Guimaraes et al. 1995) .
In some cases, the decrease of NAA is reversible, which suggests that a low NAA signal also reflects neuronal cell dysfunction, not only their permanent damage. Such an increase of NAA is sometimes spontaneous; in other cases, it is in response to therapy. This phenomenon was observed in multiple sclerosis, AIDS, mitochondrial diseases, temporal lobe epilepsy, amyotrophic lateral sclerosis (Barker and Lin 2006) and acute disseminated encephalomyelitis (Ben Sira et al. 2010) .
All these studies clearly demonstrate that NAA is a very convenient marker of neuronal activity. There are, however, a few exceptions to this statement. The first is a group of genetic diseases affecting the metabolism of NAA. In patients with the rare Canavan disease, there is a deficit of aspartoacylase, an enzyme which decomposes NAA to acetate and aspartate. In this case, intracellular NAA reaches very high levels (Dezortova and Hajek 2008 ), yet this is not an indication of increased neuronal activity. On the other hand, in patients with Alexander disease, the signal of NAA is decreased (Brockmann et al. 2003) to such an extent that, in one particular case, the NAA signal in the spectra of a child's brain cortex was absent altogether. The child was mentally impaired, but still she had some brain activity (Martin et al. 2001) .
Another exception was suggested by some in vitro studies on isolated tissue cultures, in which NAA was also confirmed in isolated oligodendrocytes (Bhakoo and Pearce 2000) and in a culture of mast cells (Burlina et al. 1997) . Therefore, it is clear that a measurable MR signal of NAA is not localized exclusively in the neurons. However, it is not known how much the presence of NAA in cells other than neuronal in vivo contributes to the total NAA signal from the given location in the tissue, or how much this can affect its MRS signal in different pathological scenarios.
In summary, our current knowledge leads us to conclude that NAA is, overall, a sensitive tool to assess irreversible and temporary neuronal damage.
Choline and choline-containing substances
The MRS peak of tCho ("total cholines", or choline-containing compounds) (Figure 1e ) contains the signals of glycerophosphocholine (GPC), phosphocholine (PC) and a small amount of the choline itself. In an MR spectrum, such peaks are distinct only in high-resolution, in vitro MRS of a brain extract. (Barker et al. 1994a) . Under the conditions of clinical measurements, these peaks are indistinguishable and manifest only by a deformed shape of a single tCho peak. The tCho signal (3.21 ppm) comes from the protons of the trimethyl amine moiety (-N±(CH 3 ) 3 ) group (De Graaf 2007) .
In one molecule of GPC, PC and choline, nine protons of the trimethyl amine group resonate at the frequency of 3.21 ppm. This is different to NAA and creatine, in which only three protons of the methyl group CH 3 contribute to the MR signal. Therefore, if the peaks of tCho and tCre in a spectrum have the same areas, it means that the molar concentration of tCre is three times higher than the concentration of tCho.
The main metabolites contributing to the tCho signal, PC and GPC, are involved in the metabolism of membrane lipids phosphatidylcholine and sphingomyelin, respectively. However, the latter two are not visible in an in vivo MR spectrum, since choline in the membrane phospholipids is bound, not free to move in the solution (Klein 2000) .
Phosphatidylcholine and sphingomyelin are being constantly synthesized and broken down. Since PC and GPC are involved in their metabolic pathways, the signal of tCho and the content of choline-containing phospholipids should correlate under physiological conditions. For example, a higher tCho signal in the white matter compared to cortical grey matter can be partly explained by the fact that white matter contains more myelin and, therefore, more membrane lipids than grey matter (15.6% compared to 5.9% of the wet mass). However, we cannot say that there would be a direct proportionality under all conditions, since the membrane-forming mechanism is also governed by other processes (Sastry 1985; Agranoff and Hajra 1994) .
Macroscopic distribution of the tCho signal in the healthy brain is very variable compared to other MRS-visible me-tabolites (Tables 1 and 2 ). In healthy subjects, significant differences have been found between cortical grey and white matter, the thalamus and the cerebellum in increasing order. Cortical grey matter contains the lowest concentrations, while cerebellar values are 2 to 2.5 times higher. As well as the variations that exist between different brain structures, a strong gradient, decreasing in the caudal direction, was observed in cortical grey matter (Kreis et al. 1993; ). This result correlated to post mortem brain studies, in which choline concentrations were found to be 12.8, 10.5 and 7.8 nmol per one mg of proteins in the frontal, parietal and occipital brain cortex, respectively (Nitsch et al. 1993) .
Studies on cell cultures have shown that tCho concentration in glial cells is much higher than in neurons (Urenjak et al. 1993) . Moreover, the relationships between MR-visible choline metabolites (PC, GPC and free choline) and membrane phospholipids suggest that the tCho signal should increase, not only during the processes of membrane degradation, but also during their increased production. A typical example of this is a cancerous process (Gill et al. 1990 ). An increase of tCho corresponds to the degree of malignity of the tumors (except in the necrotic areas, where tCho is not increased). This was confirmed in prostate, breast, liver, head and neck cancers and in other tumors (Barker and Lin 2006; Canese et al. 2009 ). However, the latest studies in this field suggest that tCho concentration is better correlated to the tumor cell density than to the proliferation index (Yue et al. 2009 ). It seems the changes of PC and GPC in tumors have certain clinical relevance (Gillies and Morse 2005) ; however, this phenomenon can hardly be studied using the in vivo proton MRS, since GPC and PC are not separable here.
Active demyelination is one of the processes that causes an increase in the MR signal of tCho (Davie et al. 1993 ). This increase might be due to the degradation of myelin phospholipids to GPC, or as a result of inflammation (Brenner et al. 1993 ). Some scientific groups have shown that the tCho peak increases at HIV-associated dementia (Meyerhoff et al. 1999) . On the other hand, no significant changes of tCho have been observed with Parkinson disease (Holshouser et al. 1995) . A decrease of tCho was found in basal ganglia of patients with depression (Renshaw et al. 1997; Yildiz-Yesiloglu and Ankerst 2006) and in hepatic encephalopathy, where this phenomenon is probably caused by altered transport conditions of choline to the brain (Long et al. 2009 ).
The influence of ischemia on the MR spectra was studied in animals and humans. In these studies, the tCho peak was increased in the short term, but its signal decreased after several days of global ischemia as a result of lowered GPC concentration (Brulatout et al. 1996) . In humans, a decrease of the tCho peak was confirmed 5 months after ischemia (Barker et al. 1994b) .
Generally, the tCho signal increases in the majority of pathologic processes; similarly the tNAA signal decreases. Therefore the tNAA:tCho ratio is, in many cases, a suitable coefficient to discriminate healthy and affected brain tissue.
Creatine and phosphocreatine
The resonance of tCre is also a compound peak composed of two substances, creatine (Cre or Cr) and phosphocreatine (PCr), at the frequency of 3.03 ppm. tCre has a second strong resonance at 3.91 ppm, but it is usually not taken into consideration since it might be ambiguously decreased as a result of strong water suppression (Figure 1f) .
Creatine is phosphorylated by creatine kinase to form phosphocreatine, which plays an important role in the storage of energy. It can be utilized for ATP creation from ADP without oxygen consumption.
It has been found in vitro that glial cells contain two to four times more tCre than neurons (Urenjak et al. 1993) , similarly to tCho.
Macroscopic tCre distribution in the brain is less variable than the concentration of tCho (Tables 1 and 2) . Several studies have shown that its concentration is still higher in cortical grey matter compared to white matter (Kreis et al. Occipital area tNAA* 11.28 ± 1.14 12.13 ± 0.78 10.97 ± 1.19 11.80 ± 1.42 11.86 ± 0.92 13.23 ± 1.13 13.56 ± 0.71 12.91 ± 1.99 11.08 ± 1.02 tCho* 2.03 ± 0.39 1.65 ± 0.25 1.60 ± 0.24 1.78 ± 0.59 1.35 ± 0.16 1.02 ± 0.09 1.89 ± 0.21 2.65 ± 0.44 2.10 ± 0.37 tCre* 7.21 ± 1.06 6.69 ± 0.37 6.14 ± 0.92 8.35 ± 1.22 8.95 ± 1.13 9.31 ± 0.86 9.22 ± 1.16 6.77 ± 1.48 11.98 ± 1.02 mI 3.74 ± 0.65 2.89 ± 0.41 3.30 ± 0.60 4.40 ± 0.92 4.30 ± 0.79 4.77 ± 0.64 3.53 ± 0.52 4.80 ± 1.45 4.22 ± 0.91 Glx 8.39 ± 2.02 6.77 ± 1.90 6.48 ± 1.58 11.77 ± 1.92 12.2 ± 2.66 10.86 ± 1.81 10.33 ± 1.40 9.86 ± 3.52 12.89 ± 2.99 Concentrations of metabolites (in mmol/l; mean ± SD), were corrected to the contribution of CSF. Metabolites (*) were corrected for CSF contribution and their T 2 relaxation time. Both corrections lead to an increase in the calculated values, which partly explains some differences to Table 1 . CSF, cerebrospinal fluid. 1993; Michaelis et al. 1993) . Another study (Pouwels and Frahm 1998 ) mentioned the following order of brain structures according to their tCre concentrations (calculated from MRS measurements): cortical white matter (5.5 to 5.7 mM), cortical grey matter (6.4 to 7.0 mM), cerebellum (8.7 to 9.0 mM). Concentration in the thalamus (6.8 mM) was similar to the concentration in the cortical grey matter.
It is often mentioned in the literature that the tCre signal is not changed significantly in most pathological states, and some works take this as a suitable standard to compare the changes in other signals. However, tCre is sensitive to changes in brain energy processes; it decreases with decreased metabolism. These changes are observable in trauma and hypoxia. In many tumors, the tCre signal is also decreased or absent (Castillo et al. 1996; Burtscher and Holtas 2001) .
Further, there is a rare condition of absent brain creatine, which is a consequence of its disturbed synthesis in the liver (GAMT deficiency) (Stockler et al. 1994 ). There are other cases of impaired creatine transport to the brain (Cecil et al. 2001 ). Since creatine is synthesized in the liver, its brain concentration would decrease during liver damage (Barker and Lin 2006) . Dechent et al. (1999) found that the tCre signal in the brain changes under long-term oral administration of creatine tablets (4 times a week). The most prominent changes were found in the thalamus (an increase of 15%), then, in decreasing order, in white matter, in the cerebellum and in grey matter. The changes in the spectra were fully reversible, which was confirmed by repeated measurements taken three months after ending creatine administration.
Myo-inositol
The myo-inositol (mI) peak is present in the region of 3.5 to 3.6 ppm; its second multiplet is positioned at 4.06 ppm (Figure 1g ). In accordance with the multiplet structure of the mI signal and its short relaxation time, T 2 , the mI signal is visible only in the spectra with short TE.
Myo-inositol is a pentose sugar, which takes part in the metabolism of inositol phospholipids built in membranes. It is an important brain metabolite (Pouwels and Frahm 1998) .
According to the studies performed on specific cell structures, mI is a marker of the glia, since it is not present in neurons (Brand et al. 1993) . Details about spatial distribution of mI in the brain can be found in Table 1 and 2. The concentration of mI is lowest in grey matter and highest in the cerebellum, which is the same pattern as for tCre and tCho (Pouwels and Frahm 1998) .
Since mI is involved in many biochemical processes, there is no single reason for its uneven distribution in the brain. High values of mI (and tCho) in the cerebellum might be a consequence of higher activity of glial cells or higher membrane density in this area (Pouwels and Frahm 1998) . During experimental measurements in animal cerebellum after artificially initiated hypernatremia, the mI signal was notably increased, which suggests that cerebellar osmoregulation extensively uses mI as an osmolyte. Also, increased expression of mRNA for sodium/myo-inositol co-transporter (SMIT) was observed during hypernatremia, especially in the cerebellar region (Minami et al. 1996) . This co-transporter plays a role in redistribution of intracellular and extracellular mI during changes of cerebellar osmolality (Pouwels and Frahm 1998) . This process is very important in the cerebellum due to an increased presence of glial cells, mostly astrocytes, for which SMIT is probably the most important intracellular osmoregulator (Strange et al. 1994) .
Decreased values of mI were found in hepatic encephalopathy, and the degree of damage correlated with the decrease of the mI signal. A decrease of mI was so significant in patients during hypoosmolarity that its signal was barely observable. After correcting for osmolarity, the level of mI returned to its original value (Haussinger et al. 1994 ). An increase of mI was also found at bipolar disorder (Frey et al. 2005 (Frey et al. , 2007 .
The myo-inositol signal increases in patients with Alzheimer disease and this acts as a specific marker, distinguishing the illness from other types of dementia (Kantarci 2007) . Its signal also increases in demyelination diseases (Kruse et al. 1993) . The exact pathophysiological cause of these changes is not known. The most probable hypothesis suggests an increased number of glial cells which contain higher amounts of mI (Brand et al. 1993) .
The signal of mI is present almost at the same frequency as glycine. However, glycine resonates as a singlet (single peak). In the healthy brain, glycine is only present in very low concentrations, but it can be increased to a detectable level in some diseases, such as non-ketotic hyperglycinemia (Barker and Lin 2006) or cancer (Righi et al. 2010) .
Glutamate and glutamine
Glutamate (Glu) and glutamine (Gln) are the key compounds of brain metabolism. Since their peaks mutually overlap, we are generally not able to separate them at a 1.5 T magnetic field and thus we quantify their combined signal in the area of 2.1 to 2.4 ppm. In MRS, this total signal is labeled Glx. Multiplets of protons from the 3 CH 2 and 4 CH 2 groups resonate between 2.1 and 2.4 ppm and protons from the 2 CH 2 group resonate at 3.7 ppm (Figure  1h-i) . At 3 Τ magnetic fields, these metabolites can be quite reliably separated using a proper pulse sequence and an appropriate spectral fitting technique (Provencher 1993; Srinivasan et al. 2005) . At 4 Τ magnetic fields or higher, the resonances of the 4 CH 2 groups in glutamate and glutamine are well separated and can be reliably determined (Mekle et al. 2009 ). Glutamate is the most abundant amino acid in the brain and the most important neurotransmitter. Up to 90% of neurons excrete glutamate during their excitation. Metabolic pathways of glutamate and glutamine are explained in Figure 3 .
Spatial distribution of glutamate and glutamine in the brain measured at a 3 T magnetic field (Baker et al. 2008 ) is shown in Table 2 . Even though it was possible to distinguish between glutamate and glutamine at 3 T, the work suggested that it was still more precise to mention the summary value of Glx. The results may be compared to a much earlier measurement (Table 1 ). According to Baker et al. (2008) , the concentration of Glx (calculated from MRS) in the brain reaches values from 6.5 mmol/l in parietal and occipital white matter to 12.9 mmol/l in the lower part of the vermis.
The authors also found that the values of Glx in white matter are significantly higher than in grey matter. However, they found no statistically significant variations along the white or grey matter itself (Baker et al. 2008 ).
Due to difficult separation of both metabolites at 1.5 T magnetic fields, there are not many studies which would observe pathological conditions linked to the changes of these substances. Not a long time ago it was shown that the signal of glutamate increased in the plaques of multiple sclerosis (Srinivasan et al. 2005) . Later studies at 1.5 T found an increased signal of glutamine in patients with liver failure in hepatic encephalopathy (probably as a result of an increased level of blood ammonia, which increased the synthesis of glutamine (Barker and Lin 2006) , and in patients with Reye syndrome (Kreis et al. 1995) .
Post-processing and interpretation of MRS data
Correct spectral evaluation and interpretation is as sensitive and important a process as proper experimental acquisition of the data. As seen in our sample spectrum with short TE Figure 3 : Mechanisms of synaptic activity related to glutamate (scheme was created according to Magistretti et al. 1999) . Glutamate (Glu) excreted in the neuron diffuses through the synaptic gap and is recognized by the receptors of the post-synaptic neuron. The released glutamate must be promptly removed from the synaptic gap so that the synapse will be ready for the next excitation. This is primarily provided by a highly effective recapturing system in the astrocytes that surround each glutamatergic synapse. Glutamate is absorbed by astrocytes using specific transporters, which use the electrochemical gradient of Na + as their motive force. The astrocyte then has a double role: i) it has to get rid of the absorbed glutamate, and ii) renew the original gradient of Na + . The sodium gradient is renewed by membrane Na + ,K + -ATPases and glutamate is converted in astrocytes to glutamine (Gln) in a reaction catalyzed by glutamine synthetase. Glutamine is then released from astrocytes and captured by excitatory neurons. In the neuronal cell, glutamine is enzymatically converted to glutamate, which is consequently added to the glutamate deposit, ready for excitatory signalization. Glutamine synthesis and Na + ,K + -ATPase reaction consumes energy in the form of ATP. Since ATP exchange mechanism between astrocytes and neurons is still unknown, every cell uses its own energy management (Magistretti et al. 1999 ). This process is energetically so demanding that it is responsible for 80-90% of the total cortical glucose consumption (Sibson et al. 1998 ).
( Figure 1a , c-i), it is not always an easy task to correctly select an area belonging to a chosen peak. Due to complexity of the signals of many metabolites, manual selection of the peak areas and setting of a correct phase of the spectrum also introduces some subjective influence. Both of these drawbacks are robustly eliminated by using established and automated evaluation algorithms, such as the LCModel and MRUI (Provencher 1993; van den Boogaart 1997) . Many works show that accurate scientific manual evaluation brings similar results to automated evaluation (Jiru et al. 2003) .
However, sophisticated data evaluation routines are not supplied as a component of the scanner operation software. At this stage of development, MRS measurement and data processing in most brain areas usually require at least initial setting by a skilled physicist. We believe that, in the future, the manufacturers of clinical scanners will take this into account, so that the accuracy of clinical spectroscopic examinations will be increased.
Current trends in proton MRS
Further development in the accuracy and range of applications of MRS is taking place in several areas. Technological progress allowing movement to higher magnetic fields results in higher sensitivity and increased spectral resolution, thus enabling identification of new metabolites and more precise quantification of the ones known from lower fields. However, several technological challenges have to be solved at higher fields (Ugurbil et al. 2003) . The development of new hardware takes place in the field of radiofrequency coils (Fujita 2007) and shimming (Juchem et al. 2010) . New advances in the pulse sequences push the usage of MRS and MRI to applications previously considered impossible (Zhang et al. 2010) . Implementation of proper data processing, including correct absolute quantification, also brings more accuracy to the results measured by MRS.
